The Bcl2 pro-survival protein family has long been recognized for its important contributions to cancer. At elevated levels relative to pro-apoptotic effector members, the survival proteins prevent cancer cells from initiating apoptosis in the face of many intrinsic tumour-suppressing pathways and extrinsic therapeutic treatments aimed at controlling tumorigenesis. Recent studies, including genome-wide analyses, have begun to focus attention on a particularly enigmatic member of the family-myeloid cell leukaemia 1 (Mcl1). For reasons that are not clear, Mcl1 in cancer cells is turned over rapidly, eliminated primarily through the ubiquitin-proteasome pathway. Moreover, the mechanistic aspects of this constitutive membrane-associated protein have not been fully elucidated. As the pro-cancer activity of Mcl1 requires elevated expression levels of the protein, the cancer genome adapts to ensure either high levels of synthesis or evasion of degradation, or both. Here, we focus on the complex strategies at play and their therapeutic implications.
Introduction
Evasion of apoptosis continues to be recognized as one of the fundamental characteristics of cancer [1] , driven primarily by upregulation from pro-survival members of the Bcl2 family, especially Bcl2, Bcl-XL and myeloid cell leukaemia 1 (Mcl1; [2] ). In particular, genome-wide studies have identified Mcl1 as subject to increased gene copy number across many solid and haematological malignancies, and it has emerged as a recognized pathological factor contributing to diverse indications [3] . Moreover, many mutational, epigenetic and signal transduction alterations associated with transformation have the potential to influence Mcl1 expression and function, implying that gene copy number represents only one of many strategies to increase the functional impact of Mcl1. For example, chemical genomics has identified many routes to influence Mcl1 expression through direct or indirect transcriptional regulation [4] , arguing that cancer cells have a vast arsenal to exploit changes in Mcl1 levels to escape apop tosis. Moreover, as with other Bcl2 family proteins, Mcl1 has functions that extend beyond apoptosis regulation, yet little is known about their contributions to malignancy or resistance to therapies. In this brief review, we attempt to articu late progress in understanding the complex biology associated with Mcl1, the many mechanisms available for reprogramming Mcl1 expression by cancer cells and how this knowledge can be exploited for potential therapeutic benefit to cancer patients. For an excellent overview of Mcl1 see reference [5] .
Myeloid leukaemia cell 1 (MCL1) was discovered by Ruth Craig and colleagues. It is an immediate-early gene, which is activated during TPA-induced myeloid cell differentiation in vitro, and contributes both to cell viability and to regulation of cell proliferation through its linkage to many signal transduction networks [6, 7] . Consistent with the expression of Mcl1 across many cancers, the protein is widely distributed in many tissues [8] . In contrast to other Bcl2 survival members, however, germline deletion resulted in peri-implantation lethality during mouse embryogenesis by an as yet undetermined mechanism [9] . Targeted gene deletion in the mouse, on the other hand, indicated Mcl1-dependent survival of many cell lineages including neutrophils [10] , lymphocytes [11] , haematopoietic stem cells [12] , neurons [13] , hepatocytes [14] and immunoglobulin-secreting plasma cells [15] . Whether this unique dependence on Mcl1 for survival reflects an unsustainable reduction in the survival threshold conferred by the cohort of redundant Bcl2 proteins expressed in these cells, or reflects a more Mcl1-specific function or cell contextspecific regulation of Mcl1, remains to be determined. In the megakaryocyte lineage, for example, loss of both Mcl1 and Bcl-XL has a more profound effect than deletion of either one individually [16, 17] . Targeted transgenic expression has confirmed the contribution of Mcl1 to malignancies in several mouse models. For example, overexpression within haematopoietic and lymphoid tissues resulted in B-cell lymphomas over time [18] [19] [20] . The pathogenesis of acute myeloid leukaemia can also be recapitulated in a murine model, in which Mcl1 expression was required and the disease limited either by Mcl1 deletion [21] or haploinsufficiency [22] . In the solid tumour setting, mouse models of lung adenocarcinoma, in which Myc was targeted to pulmonary alveolar cells, depended on Mcl1 overexpression to circumvent Myc-induced apoptosis [23] . These studies, coupled with numerous examples of correlations between Mcl1 status and cancer cell survival and patient outcomes, drive an intense need to understand-and exploit-Mcl1 biology [24] [25] [26] . [27] ). With the first discovery of the existence of a Bcl2-related protein, Bax, which interacted with Bcl2 but showed pro-apoptotic rather than anti-apoptotic activity [28] , two important principles related to the Bcl2 family have emerged. First, protein-protein interactions that take place between pro-apoptotic and anti-apoptotic members involve docking of the pro-apoptotic amphiphilic BH3 helix into an opposing groove formed by the BH1 and BH2 helices in the pro-survival members, and are exclusively binary interactions; second, it is the functional ratio of the interacting pro-apoptotic and anti-apoptotic members through these interactions that determines whether or not the effector proteins Bax and Bak can initiate apoptosis induction in the face of cell stress stimuli [29] . Cells, including most cancer cells, are considered to be 'primed' for cell death if they depend on the Bcl2 family to confer cell survival in the face of extant stress-signalling pathways-for example, oncogenic drivers such as Myc. Otherwise, in unprimed cells, the Bcl2 family status determines cell survival or death only in the face of externally applied stresses. In the case of primed cancer cells, one goal is to overcome both the Bcl2-mediated resistance to intrinsic oncogenic signalling as well as the Bcl2-mediated resistance to therapy. Stress signals ultimately converge on the Bax and Bak effectors through activation of BH3-only proteins, which, because of their multiplicity and differential preferences for binding to individual survival Bcl2 proteins [30] , allows differential integration into many signalling pathways.
All three subgroups of the Bcl2 family reside at the endoplasmic reticulum in which, among other functions, they influence calcium homeostasis, calcium transmission to mitochondria, and autophagy [31] . However, by far the best understood roles of this family relate to their regulation of mitochondrial outer membrane permeabilization (MOMP), release of pro-apoptotic factors including cytochrome c from the intermembrane space and activation of caspases [32] [33] [34] . At least for the initiation of this process-defined as the formation of Bax or Bak oligomers within the outer membrane bilayer, and its prevention by prosurvival members-most of the research has focused on the tBid or Bim BH3-only/Bax/Bcl-XL axis. A combination of highresolution structure determination of Bax activation intermediates, reconstitution in liposomal systems of defined composition and genetically determined models in cells and animals has led to a fairly well-defined model [35] [36] [37] [38] [39] . Although it remains to be determined to what extent the Bcl-XL model is a reflection of Mcl1 activity, similar approaches need to be applied in this case. Activator BH3-only protein is proposed to bind to the trigger site on membrane-free Bax, inducing a conformational change in which the carboxy-terminal transmembrane segment becomes available to mediate membrane insertion. At the same time, the amino-terminus is repositioned, allowing exposure of the BH3 domain of Bax. As the latter can also contact the trigger site on naive Bax, a cascade is set up in which structurally altered Bax monomers within the lipid bilayer can interact through discrete domains (as shown for Bak, [40] ) to form oligomers. In reconstituted liposomes, such oligomers breach the lipid bilayer allowing entrapped dyes to be released. Membrane-free Bcl-XL, on the other hand, can interact with the exposed BH3 domains of activator BH3-only proteins or of activated Bax and, as with Bax, it also undergoes conformational alterations and membrane penetration,
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Abelson preventing Bax oligomerization (based on Bcl2 [41] ). Intriguingly, Bcl-XL also seems to help cycle membrane-associated Bax back to the cytosol [42] . The model is consistent with the final outcome being determined by the functional ratio of Bcl-XL against the exposed BH3 domains on BH3-only proteins and activated Bax. One way in which this apoptotic rheostat can be adjusted is through inhibition of Bcl-XL by sensitizing BH3-only proteins, such as Bad. Indeed, a combination of Bax activation and Bcl-XL inhibition is probably needed in most circumstances to drive MOMP [43] . In cells, however, many BH3-independent interactions involving all three subgroups of the BH3-only/Bax/Bcl-XL axis have the potential to influence the seeding of intramembrane Bax oligomers. In particular, little is known about the transition of Bax oligomers into pore structures that release the contents of the mitochondrial intermembrane space efficiently. The available evidence however, emphasizes a continued relationship between Bax and the lipid bilayer, potentially involving tethering and hemifusion of membranes induced by DRP1, which provides a platform for formation of the requisite pore functionalities to support cytochrome c release [44] . Moreover, the lipid environment, mediated in part by interactions of mitochondria with heterotypic membranes, seems to have a role [45] .
Mcl1-unique or uniquely regulated?
Structural and docking studies have elucidated the binding interactions between BH3 peptides and the BH3 binding groove of Mcl1, which account for the differential specificity of this protein for BH3 ligands compared with other pro-survival family members [46, 47] .
The Bcl2-related structural core of Mcl1 has a high affinity-binding specificity for the pro-apoptotic BH3 peptides of Bak, Bax, Bid, Puma, Bim and Noxa [30, 48] . Additionally, Mcl1 contains a large, flexible approximately 170 amino acid N-terminus, which is dispensable for BH3 binding interactions [46] but is replete with sites governing Mcl1 regulation (see below). A corresponding region is absent from other Bcl2 family proteins. In striking contrast to the tBid or Bim BH3-only/Bax/Bcl-XL MOMP axis described above-in which Bax and Bcl-XL are induced to interact with the membrane-the Bak/Mcl1 MOMP axis comprises Bak and Mcl1, which are constitutively integrated into the MOM by their respective C-terminal transmembrane segments before stimulation by tBid or Bim. Targeting of Bak to the MOM is dependent on its transmembrane segment and does not seem to require obvious members of the mitochondrial protein import machinery [49] , whereas constitutive import of Mcl1 into the MOM requires its transmembrane segment and is dependent on the import receptor TOM70 [50] . Although not studied to the same molecular resolution as Bax, tBid-induced activation and oligomerization of MOM-anchored Bak resulting in MOMP and cytochrome c release seem to follow the same cascade of structural transformations [38, 40, 51, 52] . Extrapolating from the detailed understanding of the BH3-only/Bax/Bcl-XL MOMP axis, the corresponding BH3-only/Bak/Mcl1 model is depicted in Fig 1. Is the ability of Mcl1 to antagonize pro-apoptotic Bcl2 family members a functionally redundant property of this protein compared with other survival members? A study in the murine model of acute myeloid leukaemia revealed that limiting the expression of Mcl1 alone suppressed the disease [21] , whereas enforced expression of Bcl2 rescued Myc-driven disease lethality in Mcl1-haploinsufficient cells [22] . Similarly, the development of pro-B cells in mice harbouring a deletion of the transcriptional factor Stat5 was restored by transgenic expression of the prosurvival protein Bcl2, which compensated for loss of Mcl1 [53] . In the Eμ-Myc transgenic mouse model of lymphoma, the tumoursuppressing activity of knocked-in variants of Bim constructs required that Bim must antagonize all pro-survival members [54] . Conversely, all six pro-survival members could individually accelerate a Myc-induced model of murine myeloid leukaemogenesis [55] . Finally, Mcl1 is a resistance factor for ABT-737, a small molecule chemical antagonist of Bcl2, Bcl-XL and Bcl-w; and yet limiting Mcl1 expression over a wide range of cellular and treatment contexts reinstates lethality to the drug in otherwise resistant cells, indicating that Mcl1 can substitute for inhibited Bcl2, Bcl-XL and Bcl-w to confer survival [56, 57] . These results strongly favour the idea that limiting the expression of any Bcl2 survival member, resulting in reduction below a minimal survival threshold, results in lethality in primed cells. In this scenario, the apparent dominant role of Mcl1, in so many circumstances, might arise because Mcl1 expression is crucial to keeping the cell above the Bcl2 survival threshold (Fig 2) . Moreover, the fact that Mcl1 expression has evolved to be influenced by so many regulatory networks might facilitate a direct control over the Mcl1 dominated Bcl2 survival threshold. There might be other circumstances, however, reflected for example by the embryonic lethality of the Mcl1-deleted mouse [9] or the induction of a robust autophagic response after targeted deletion of Mcl1 in the cortical neurons of transgenic mice [58] , in which additional outcomes exist specifically under Mcl1 control. These ideas are explained in Fig 2 . 
N-terminal regulatory domain of Mcl1
In contrast to other pro-survival members, human and mouse Mcl1 (350 aa and 331 aa, respectively) have an extended N-terminal domain (approximately 170 aa and 140 aa, respectively), connected to a highly conserved Bcl2-like core (containing Bcl2 homology domains 1-3 and the C-terminal transmembrane segment). With the exception of the extreme N-terminus, most of the sequence divergence between the two species occurs within the N-terminal regulatory domain. The overall architecture of the N-terminus is shown in Fig 3, and most importantly is characterized by PEST sequenceassociated phosphodegrons. Additionally, the extreme N-terminus is associated with processing by the mitochondrion and contains one of two sites that are required for interaction with the E3 ligase Mule (as discussed below).
N-terminal processing
Craig and colleagues observed that an N-terminally truncated (approximately 30 aa) form of Mcl1 (Mcl1ΔN) was the predominant species present in lymphomas from transgenic mice and human tumour lines of B-lymphoid origin, and was characterized by enhanced stability and survival features compared with full-length Mcl1 [59] . Remarkably, the truncated region has characteristics of a mitochondrial matrix targeting sequence and requires the mitochondrial electrochemical potential (ΔΨ) across the inner membrane for processing [48, 60, 61] . On the basis of murine models, one study concluded that Mcl1ΔN resides in the outer membrane and evades interaction with the E3 protein ubiquitin ligase Mule, resulting in enhanced stability [48] . ΔΨ-dependent processing could arise either because the long flexible N-terminal region of outer membrane-anchored Mcl1 reversibly accesses-through the TOM-TIM complexes-processing enzyme(s) at the inner membrane or matrix, or because ΔΨ controls the fate of proteins at the outer membrane. For example, loss of Δψ rescues Pink1 from degradation at the inner membrane by allowing it to relocalize to the outer membrane, at which it can influence mitophagy [62] . By contrast, alternative findings concluded that Mcl1ΔN arises because Mcl1 can be entirely translocated to the inner membrane and/or matrix, in which it is processed after Leu33 [60, 61] . Intriguingly, such intra-mitochondrial Mcl1ΔN was proposed to regulate mitochondrial dynamics, ATP production and respiration [61] . It is not known if the proposed locations of the Mcl1ΔN isoform at the outer membrane and inner membrane and/or matrix represent distinct models, or if both can exist dependent on cell context. In either case, strategies that enhance Mcl1 stability or Mcl1-dependent mitochondrial fitness could provide a selective survival advantage for cancer cells.
Strategies to evade Mcl1 degradation
Physiological turnover of full-length Mcl1 is typically rapid and executed by the ubiquitin-proteasome system. Thus, strategies to evade or dampen the rate of degradation and increase the levels of Mcl1 include suppression or loss of Mcl1 E3 ubiquitin ligases, modification of the Mcl1 substrate-for example, processing or phosphodegron status-so that it is no longer targeted by cognate E3 ligases, and enhancement of the levels of Mcl1 deubiquitinases.
The HECT domain E3 ligase Mule requires its BH3 domain to target Mcl1 for rapid degradation [63, 64] . Overexpression of a competing BH3-containing protein such as Bim, on the other hand, can sequester and stabilize Mcl1 [63] . Under normal conditions, [64] . Mule targets many protein substrates and so far its association with malignancy-for example, as a tumour suppressor-has not been established, presumably because of other essential housekeeping functions. Targeted gene deletion in the mouse, however, indicated that Mule regulates the ATM-p53 axis to maintain B-cell homeostasis [65] , loss of which could ultimately be deleterious. As noted earlier, however, evasion from Mule might be accomplished through N-terminal processing of Mcl1. In cultured cell lines, Mule seems to be responsible for constitutive Mcl1 degradation [63] [64] , yet in the knockout mouse Mcl1 turnover was largely unaffected [65] . This suggests that Mcl1 turnover in a physiological setting is linked to regulatory networks involving other ligases or that a compensatory mechanism was co-selected. The cognate RING-type Mcl1 E3 ligase Fbw7, is the substrate recognition subunit of the multi-component Skp1-Cullin-F box (SCF) complex and a tumour suppressor, which is frequently lost in diverse cancer types including breast and colon cancer and T-cell acute lymphocytic leukaemia. In addition to Mcl1, the SCF Fbw7 complex targets several other oncoproteins for polyubiquitylation and degradation, including c-Jun and c-Myc. Loss of Fbw7 in both human and mouse can result in elevation of Mcl1, providing resistance both to the apoptotic stimuli conferred by the corresponding upregulation of oncoproteins such Myc, as well as conferring resistance to certain therapeutics [66, 67] . Moreover, recent evidence indicates that Fbw7 itself is negatively regulated by the peptidyl-prolyl cis/trans isomerase Pin1, which is frequently overexpressed in many tumour settings. Pin1 binds to and disrupts phosphorylated Fbw7 dimers, resulting in its auto-ubiquitylation and degradation [68] . Thus, there exist many avenues for Mcl1 to escape polyubiquitylation by the SCF Fbw7 complex. Finally, another E3 ligase component of the SCF complex, βTRCP, targets both Mcl1 [69] and BimEL [70] , emphasizing the complexity and finetuning that exists within the cohort of apoptosis regulators, which are targets of the ubiquitin-proteasome system [71] . SCF
Fbw7
, as well as another multi-component RING E3 ligase APC/C cdc20 , is important in ubiquitylating and degrading Mcl1 during mitotic arrest as part of a cell cycle quality control mechanism controlled by apoptosis [66, 67, 72] . Escape from mitotic arrest is a characteristic of proliferating cancer cells, and the failure of Mcl1 to be degraded in response to loss or negative regulation of these ligases might help to keep the cells viable long enough to achieve this [73] .
As outlined in Fig 3, the long unstructured N-terminal region of Mcl1 contains PEST-associated phosphodegrons, and these control the access of the Fbw7, βTRCP and Cdc20 E3 ligases described above and potentially others to Mcl1. This, of course, affords the control of Mcl1 degradation potentially by many signalling pathways. In addition to Cdk1 and Cdk2, Jnk and Erk [5] , a predominant kinase controlling Mcl1 degradation is Gsk3 [74] . Of note, however, Jnk-dependent phosphorylation at Thr 163 provides the priming site for phosphorylation of Ser 159 by Gsk3, creating a phosphodegron targeting Mcl1 for ubiquitylation-dependent degradation [75] . Given that upstream signalling to control Jnk and Gsk3 can either support or promote cellular survival, the Mcl1 Ser 159-Thr 163 phosphodegron axis might integrate complex signalling information to determine cell fate. Moreover, evidence indicates a distinct difference in outcomes in cancer cells compared with normal cells. Erk-mediated phosphorylation at Thr 163 resulted in Mcl1 stabilization in BL41-3 lymphoma cells, due to loss of the Gsk3-Mcl1 phosphorylation pathway, and resulted in significant resistance to many chemotherapeutic agents [76] . Finally, and as outlined in Fig 3, phosphorylation of different residues can have an opposing function.
Finally, deubiquitination is another means of sparing Mcl1 from degradation. For example, the deubiquitinase USP9X removes polyubiquitin chains that normally mark Mcl1 for proteasomal degradation, resulting in enhanced Mcl1 stability. Increased USP9X expression and elevated Mcl1 protein levels are found in human follicular lymphomas and diffuse large B-cell lymphomas, and many myeloma patients with elevated USP9X have poor outcomes [77] . In addition to descriptions in the text, discussions about specific sites can be found in reference [5] and below. With the exception of L33 (mouse), amino acid number refers to the human sequence. Ser 64 can be phosphorylated by Cdk1 and Cdk2, and by Jnk1, which does not affect the protein half-life but leads to an enhanced survival function [96] . Erk1 phosphorylates Thr 92 and Thr1 63, which stabilizes Mcl1 through protein association with Pin [97] . Ser 121 in conjunction with Thr 163 is phosphorylated by Jnk, resulting in enhanced stability in one study [98] and unchanged stability but less potency at inhibiting apoptosis in a different study [99] . Ser 155 phosphorylation by Gsk3 decreases Mcl1 expression [69] . Ser 159 phosphorylation leads to Mcl1 destabilization and inhibits interaction with Bim [74] , whereas phosphorylation of Thr 163 by Erk increases the half-life of Mcl1 [100] . Bcl2, B-cell lymphoma 2; Bim, Bcl2-like 11; Cdk1/2, cyclin-dependent kinase 1/2; Erk1, extracellular regulated protein kinase 1; Gsk3, glycogen synthase kinase 3; Jnk1, c-jun N-terminal kinase 1; Mcl1, myeloid cell leukaemia 1; PEST, proline/glutamic acid/serine/threonines; Pin, peptidyl-prolyl cis-trans isomerase NIMA interacting protein. Mcl1 transcriptional regulation, especially in response to growth factors, has been extensively studied [5] . For example, the transcription factor ATF5 is a direct activator of the Mcl1 promoter; ATF5 itself is upregulated in malignant glioma and other solid tumours from complex upstream signalling pathways converging on the ATF5-activating transcription factor CREB3L2 [78] . In normal pro-B-cells, Mcl1 transcription is required for survival, and is maintained by the Mcl1 transcription factor Stat5 in response to IL-7 signalling within the normal bone marrow niche. B-cell acute lymphoblastic leukaemia driven by Bcr-Abl or by activating mutations in Jak1 or Jak2, on the other hand, has escaped dependence on cytokines to maintain the Stat5-Mcl1-mediated survival pathway, which supports the transformation to malignancy [53] . A similar process seems to be operating in chronic lymphocytic leukaemia, in which Stat3 rather than Stat5 has a crucial role in maintaining high constitutive Mcl1 transcription [79] . Conversely, the tumour suppressor E2F1 is a transcriptional repressor of the Mcl1 promoter [80] , yet it can also switch from a mediator of cell death towards an accelerator of tumour progression [81] . How such repression of Mcl1 transcription is lost during the progression to tumour invasion remains to be determined.
Opportunities to maintain elevated Mcl1 expression also exist at the level of Mcl1 RNA splicing, translation and stability. A complex balance might exist between Mcl1 RNA splicing that generates either pro-survival or pro-death Mcl1 transcripts [5] , especially coupled to cell cycle regulation [82] . Such quality control mechanisms might become subverted in cancer through loss of splicing factors that promote the pro-apoptotic isoforms. Not surprisingly, global changes in protein synthesis capacity are required to maintain the demands of proliferating tumour cells and this can be accomplished, in part, by upregulation of key components of the translational machinery, such as eIF4A, members of the eIF4F complex and eIF4E. Indeed, overexpression of 4E has transforming activity and can cooperate with Myc to induce lymphoma [83] . As with the near global influences that Myc has on gene expression, the increase in protein synthesis capacity that accompanies tumorigenesis favours many rapidly turned over proteins associated with cell proliferation and survival. Accelerated oncogenesis caused by mTorc1 activation in a murine model of lymphomagenesis, for example, was accompanied by translational maintenance of Mcl1 [84] . An important question, however, is whether or not the structure of Mcl1 mRNA confers a competitive edge to take advantage of the increased capacity of the translation machinery.
Finally, several miRNAs have been implicated in the turn over of Mcl1 mRNA. One well-documented example is miR-29, which is lost in several cancer settings including cholangio carcinoma [85] , acute myeloid leukaemia [86] and anaplastic large cell lymphoma [87] , and for which there is a direct correlation with the maintenance of Mcl1 expression. Another example is miR-125b expression that diminishes Mcl1 and Bcl-w expression indirectly by affecting IL-6/STAT3 signalling [88] . A challenge related to the identity of the cohort of miRNAs that are associated with any given gene is the many genes that each miRNA can regulate and the many miRNAs that can regulate a single gene [89] . In the case of Mcl1, this challenge was addressed by conducting a genome-wide miRNA screen to identify genes that otherwise confer resistance to the lethality associated with ABT-737 treatment, which is primarily determined by Mcl1 [90] . Ten miRNAs were found to regulate Mcl1 mRNA directly and several more regulated Mcl1 indirectly by targeting other genes. Moreover, ABT-sensitizing miRNAs were lower in tumour tissue compared with normal tissues. Thus, loss of specific miRNAs represents yet another strategy for cancer cells to maintain an adequate supply of Mcl1 mRNA.
The cancer genome favours Mcl1
As documented above, the potential to influence indirectly the expression level and/or function of the Mcl1 protein is extraordinarily extensive. Many of these strategies could well be missed in genome-wide screens focusing on chromosomal DNA or mRNA expression signatures. Nevertheless, genome-wide somatic copy number (SCN) and association studies (GWAS) of clinical samples argue that important drivers of malignancy should be represented, given the selective mutational pressure in most cancer indications. Importantly, Mcl1 is a widely represented signature. An extensive genomic analysis of SCN amplification (SCNA) in more than 3,000 cancer specimens representing 26 histological types, for example, identified several gene families that are enriched among regions of focal SCNA, including the Bcl2 family (especially MCL1 and BCL2L1) and NFκB pathway [3] . Focal amplifications for MCL1 were found in more than 10% of cancers, but were much higher in lung and breast cancers. At least in the few cell lines tested, amplifications in MCL1 and BCL2L1 correlated with dependency on these proteins for survival. As Bcl2 family proteins contribute extensively to normal development and cellular physiology, however, the question of adequate therapeutic index requires a rational strategy. Navitoclax (the clinical analogue of ABT-737) is the most familyspecific of these antagonists, but its specificity is also restricted to Bcl2, Bcl-XL and Bcl-w. Moreover, its activity in cells might be further restricted due to its apparent inability to antagonize binding of Bim to Bcl2 and Bcl-XL in this context [92] . Nevertheless, there are obvious Bcl2 family signatures that predict the response to navitoclax/ ABT-737 in various indications, and susceptibility to the most downstream line of Bcl2 defence-such as, Bcl2-activated Bax interactions-might be relevant (for example, see [93] ). In contrast to navitoclax, obatoclax and sabutoclax are pan-Bcl2 antagonists (including Mcl1) but are widely considered to have additional off-target activities especially when used at clinically irrelevant high doses. Obatoclax inhibits Mcl1 both in isolated mitochondria at low doses (10 nM) and in cells, and can overcome Mcl1-mediated resistance to ABT-737 [94] . It is an insoluble compound in aqueous solutions, and therefore inactive, but readily partitions into lipid membranes. In synthetic liposomes reconstituted with the tBid or Bim BH3/Mcl1/Bak axis, obatoclax is a potent inhibitor of Mcl1 but only when Mcl1 is constitutively anchored to the bilayer (Nguyen M, Shore GC, unpublished work). Furthermore, concluding that off-target activity exists for a compound that antagonizes Mcl1 is valid only if such activity does not arise in response to effective Mcl1 knockdown by RNA interference.
Given the concerns described above and the prominent contribution of Mcl1 to cancer biology, second generation Mcl1 antagonists are actively being sought. The combined computational, structural, biochemical and genetic approaches that are available almost guarantee that these efforts will prove successful [95] . Nevertheless, pushing the pendulum too far in favour of Mcl1 will also introduce risk, as Bcl2 and Bcl-XL are proven to substitute for Mcl1 in many cancer models, and will be under strong selective pressure to do so. On the other hand, if the efficacy and safety profile can be best achieved by combining optimal agents with complementary Bcl2 specificity, then the regulatory hurdle of combining two (or more) experimental agents in patients will need to be addressed in trial designs. Perhaps the most attractive attribute of an effective Mcl1 antagonist in the clinic resides in the many opportunities to exploit synthetic lethality through rational drug combinations and patient stratification. These opportunities for second generation Bcl2 family antagonists are particularly relevant as the likelihood for regulatory approval of the first-generation agents is diminishing.
Future directions
It seems that Mcl1 has the continuing capacity to surprise and in particular engage pathways that were not anticipated. As reported here, many laboratories have made spectacular discoveries over the past few years on the role of Mcl1 in tumorigenesis, but one is left with the strong suspicion that research thus far has only grazed the surface. There is no question of the central role of Mcl1 in apoptosis and cancer, which has been the focus of our report. It is what is not known about this protein, however, that might well turn out to be the most intriguing; and as illustrated in Fig 2, this might well include activities other than the canonical role of Mcl1 in apoptosis. As outlined in part in Sidebar A, we eagerly await the many new surprises that are surely to come.
